Abstract-Capacity improvement of intrasite cooperative multiple-input-multiple-output (MIMO) using all three 120 sectors of a base station (BS) site is studied for the first time in a measured urban environment at 2.65 GHz. The results show that the mean uplink capacity gain exceeds 40% in as much as 1/4 of the coverage area, relative to the best single-sector link with no cooperation. In addition, a simple simulation model is developed for predicting the capacity gain from intrasite multisector cooperation. The model is used to unravel the respective roles of the BS antenna patterns and propagation mechanisms in determining cooperative performance.
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I. INTRODUCTION

M
ULTIPLE-INPUT-MULTIPLE-OUTPUT
(MIMO) technology will play a key role in providing the target data rate of up to 1 Gb per second and high spectral efficiency in the upcoming International Mobile Telecommunication (IMT)-Advanced (or 4G) mobile communication systems. Moreover, more advanced MIMO techniques involving cooperation among antennas at different locations are being considered for further improving the system throughput, particularly in the cell edge region. In general, such a coordinated multipoint (CoMP) transmission and reception system can be implemented among several base station (BS) sites ("intersite") or within several sectors of a single BS site ("intrasite"). This letter investigates for the first time single-user capacity improvement of intrasite CoMP based on measured channels involving three-sector cooperation of a single BS site in an urban macrocellular environment. In addition, to analyze the impact of BS antennas and specific propagation mechanisms on the measured capacity gain, a simple simulation model is developed based on a "one-ring" channel model using the measured antenna patterns. The discrepancy between simulated and measured performance is then attributed to propagation mechanisms not accounted for in the model. Thus far, intersite cooperation has received significantly more attention than intrasite cooperation of the CoMP system in the literature; see, e.g., [1] - [4] . On the other hand, intrasite CoMP requires less implementation complexity due to the antennas being colocated within a single BS site. A recent study shows that using the IMT-Advanced channel model in intrasite CoMP can lead to cooperation performance underestimation [5] . In [6] , a simple CoMP precoder is found to offer promising cooperative gain using intrasite measured channels.
II. MEASUREMENTS
The measurement was performed in an urban macrocellular environment at Kista, near Stockholm, Sweden. Although similar equipment and setup as that described in [4] were used, the measurement in [4] considered instead intersite CoMP systems. Therefore, here we largely focus on the unique features of the setup related to the intrasite CoMP measurement.
The considered cellular scenario is shown in Fig cross-polarized directional antenna pair and serving one of the three neighboring sectors. In our intrasite CoMP setup, the three pairs of cross-polarized antennas are assumed to cooperatively serve the entire coverage area of the three-sector BS site. The mobile station (MS) is a measurement van equipped with two electric and two magnetic dipole antennas, which have omnidirectional radiation patterns and are vertical (V) and horizontal (H) polarized, respectively. The four antennas are roofmounted and arranged as a square array with the side length of 0.3 m. A photograph of the MS antenna setup on the measurement van is given in Fig. 2 .
The 6 4 channel transfer functions between all six BS antennas (in the three cooperating sectors) and four MS antennas were measured coherently using a channel sounder developed by Ericsson [4] . Relevant parameters used in the measurement setup are listed in Table I . The measurement covered a frequency bandwidth of 20 MHz at 2.65 GHz, with each snapshot of the 6 4 channel being recorded every 5.33 ms. The MS was moving along a driving route with the maximum speed of 30 km/h. The measured locations were logged using a GPS receiver. Using this information, the measured route is plotted in Fig. 1 . The measured areas include various propagation scenarios, both with and without line-of-sight (LOS) between the BS and the MS. The signal-to-noise ratio (SNR) extracted from the channel impulse response of the strongest single-sector link (i.e., the serving sector) is above 20 dB along the entire measurement route.
III. CAPACITY ANALYSIS
In the considered uplink scenario for capacity calculations, the number of transmit antennas , which is the number of MS antennas. On the other hand, the number of receive antennas in the case of single-sector links, which is the number of antennas at each BS sector. If the three-sector cooperation is considered, the total number of receive antennas becomes . To calculate the capacity, the measured MIMO channels are normalized with respect to the strongest single-sector link, i.e., the serving sector. This is obtained by the following expression: (1) where , and denote the measured 2 4 channel matrices of the th single-sector links at frequency . The term represents the average power of the strongest single-sector link, obtained as (2) where denotes the number of frequency bins, and represents the Frobenius norm operator. This approach is suitable for the considered scenario with multisector cooperation as it defines a reference level for the channel gain of the serving sector, regardless of its path loss, and retains the relative differences in the channel gains of different sectors.
The uplink channel capacity is calculated for each of the three 2 4 single-sector links using the normalized channel matrices . Assuming equal power allocation, the point-to-point capacity at each location is obtained as (3) where is the identity matrix, is the determinant operator, is the conjugate transpose operator, and denotes the reference SNR. Here, dB is assumed for the single-sector link of the serving sector. For the three-sector cooperation, the 6 4 channel matrix is obtained as
Using in (3), the capacity of the 6 4 cooperative MIMO channel is obtained. In Fig. 1 , the uplink three-sector cooperative channel capacity is illustrated along the measurement route. As can be seen, the highest cooperative capacity can be found near the edges between two neighboring sectors. This is mainly because the link power imbalance between any two neighboring sectors is the lowest in the sector edge region, which facilitates more balanced MIMO subchannels and hence larger channel capacity. In the given setup, the three-sector cooperative MIMO channel can support up to four spatial subchannels in this scenario, which corresponds to the effective cooperation of the two antenna pairs in the two neighboring sectors. The contribution of the third sector in the BS site to either spatial subchannels or capacity is negligible as the directional radiation patterns of its antenna pair are pointing mainly in the opposite direction at that point. On the contrary, the cooperative capacity is the lowest at the center of each serving sector. This is because only two spatial subchannels can be supported due to the large power imbalance between the serving sector link and those of the neighboring sectors.
To further highlight the benefit of sector cooperation, the capacity gain is denoted as the percentage of improvement for the capacity with three-sector cooperation with respect to the highest single-sector capacity, i.e., (5) The complementary cumulative distribution function (CCDF) of the cooperative capacity gain is shown in Fig. 3 . At the 50% probability level, the capacity gain is less than 30%. This is because significant cooperative gain arises mainly at the sector edges. In Fig. 4 , the cooperative capacity gain is shown with respect to the sector direction, where 0 and 60 denote the sector center and the sector edge, respectively. The results from all three sectors (each with right and left halves) are merged, and the statistics are calculated over 5 steps.
If the sector edge region is defined as between 45 and 60 , representing of the sector coverage, capacity gains of over 40% are attained. Moreover, since the MS route as shown in Fig. 1 is approximately uniformly distributed among all three sectors, it can be verified in Fig. 3 that up to 1/4 of the measured points have capacity gains of over 40%. This result highlights the effectiveness of the intrasite cooperation to significantly improve the capacity performance at the sector edge, where it is most needed.
IV. MODELING OF COOPERATIVE GAIN
In the above capacity analysis, it is observed that cooperative capacity gain strongly depends on the direction of the MS within a given BS sector. In order to unravel the respective roles of the directional radiation patterns of the antenna pairs at the BS site and the propagation mechanisms of the considered environment, a simulation model is formulated based on the "one-ring" (single-bounce) channel assumption. The "one-ring" model is a suitable approximation for propagation environments where the BS antennas are elevated, whereas the MS antennas are surrounded by many local scatterers [7] . In our "one-ring" model, the angular spread as seen from each BS sector is assumed to be small enough so that the channel gains of all multipaths can be approximately represented by the radiation pattern gains of the sector antenna pair in the azimuth direction of the MS. Thus, the simulated 2 4 single-sector channel is obtained as (6) In the above expression, the simulated channel of the th sector is the Hadamard product of the independent and identically distributed (i.i.d.) Rayleigh channel matrix and an antenna gain induced weighting factor of the corresponding th BS sector . The simulated scenario using assumes a rich multipath scattering environment, which is mostly the case for the measured MS route. The matrix introduces to the MIMO channel matrix relative channel gains that are obtained from the amplitudes of the sector antennas' directional radiation patterns, which vary for different sectors and polarizations for a given MS direction .
In this letter, only the azimuth antenna pattern is considered since the MS is generally far away from the BS site and the tilt angle is neglected. Because the MS antennas are omnidirectional in azimuth, only their polarization has impact on the model. In turn, the matrix is formed as (7) where and are the amplitudes of the V/H-polarized radiation patterns of the BS antennas for the th sector, respectively. Here, we assume that the MS antennas 1 and 3 are V-polarized and antennas 2 and 4 are H-polarized. Since identical antennas are used at all sectors, the corresponding for all sectors of are obtained by rotating the measured radiation patterns according to the respective bearing angles of the sectors. Finally, the 6 4 three-sector cooperative channel is formed by stacking the three 2 4 single-sector channels as in (4).
V. MODELING ACCURACY AND INSIGHTS
The single-sector capacity and cooperative capacity from the simulation model are computed for each MS direction using and in (3), respectively, and the capacity gain is obtained according to (5) . The results are superimposed in Fig. 4 . As can be observed, the simulated capacity is mostly within one standard deviation (std.) of the measured mean capacity, indicating fairly good agreement. Nevertheless, the model slightly underestimates the measured mean capacity in the transition region from the sector center to the sector edge between 15 and 45 , whereas overestimation occurs in the sector edge region between 45 -60 . The discrepancy between the simulation and the measurement is mainly attributed to propagation mechanisms that are not accounted for in the "one-ring" channel model.
Further analysis of this result provides the following insights.
1) The underestimation is due to heavy shadowing by buildings that occurs in the serving sector link in regions between Sectors 2 and 3, which results in more balanced links from different sectors than predicted.
2) The overestimation is the result of the LOS occurrence along the route between Sectors 1 and 2, where the dominant LOS path increases the correlation in the links between different sectors and decreases the cooperative capacity. As a further confirmation, if only the region of Sectors 1 and 3 is considered, it is shown in Fig. 4 that the model can accurately track the measured results. This is further confirmed in Fig. 1 , where significant cooperative capacity is attained in the angular region at the sector edge between Sectors 1 and 3.
VI. CONCLUSION
In this letter, intrasite multisector cooperation has been shown to deliver significant capacity improvement in the sector edge regions of a measured urban environment. In particular, for 1/4 of the coverage area served by a single BS site, over 40% capacity improvement is achieved with the three-sector cooperation. Moreover, a simple simulation model is developed to gain valuable insights into the factors contributing to the achieved capacity gain. As future work, multisector cooperation will be studied for the multiuser case.
